Cumpylobucter grucilis (formerly Bucteroides grucilis) is an asaccharolytic, nitrate-positive, urease-negative organism that requires formate and fumarate or hydrogen as a growth additive and may pit agar media. Clinical isolates that were obtained primarily from appendiceal and peritoneal fluid specimens and initially were identified in our laboratory as B. grucilis were later found to include "unusual" strains that could be distinguished by biochemical and genetic criteria. These unusual C. gracilis strains were bile resistant, could not reduce tetrazolium chloride under aerobic conditions if formate and fumarate were added to the medium, and could grow in the presence of 2 or 6% oxygen if no blood was added to the medium. C. grucilis, other campylobacters, and the unusual strains produced distinctive dehydrogenase patterns when gels were incubated anaerobically. A cellular fatty acid analysis revealed that the cluster formed by the unusual organisms was distinct from the (separate) clusters formed by C. grucilis, Bucteroides ureolyticus, and other Cumpylobacter species. 16s rRNA sequence data indicated that these organisms are not related phylogenetically to either C. grucilis or other Campylobacter species; the most closely related taxa as determined by rRNA sequence analysis were unrelated aerobes (members of the genera Bordetellu, Alculigenes, Rhodocyclus, and Cornamonas). DNA homology data confirmed that these taxa are separate groups. Our data indicate that the unusual organisms are members of a new genus and new species, for which we propose the name Sutterellu wadsworthensis. The type strain of S. wadsworthensis is strain WAL 9799 (= ATCC 51579).
The bacteria originally known as Bacteroides ureolyticus and later as the B. ureolyticus group are asaccharolytic, nitratepositive organisms that require formate or hydrogen as an electron donor and may pit agar media. B. ureolyticus and Bacteroides gracilis clearly do not belong to the genus Bacteroides sensu strict0 (currently limited to the Bacteroides Ji.agiZis group [13] ), and the results of 16s rRNA sequence analysis and DNA-rRNA hybridization studies support the hypothesis that there is a tight homology group that includes B. ureolyticus, B. gracilis, and the genus Campylobacter (including some species previously placed in the genus Wolinella) (10, 17) . It has been proposed that both B. ureolyticus and B. gracilis are microaerophiles and not anaerobes (and therefore should be included in the group containing the true campylobacters) (5). B. gracilis has been reclassified as Campylobactergracilis, and this name is used below. However, while B. ureolyticus is considered a member of the family Campylobacteraceae, it was not renamed along with C. gracilis; the recommended status of this taxon was a species incertae sedis pending further investigation (16) .
C. gracilis was obtained originally from a gingival crevice (15) . We have examined the role of C. gracilis in various nondental infections and have found that it is more likely to be involved in serious deep-seated infections than B. ureolyticus is (6). During biochemical characterization and susceptibility testing of isolates obtained from clinical specimens in the Wads-worth Anaerobe Laboratory, we observed heterogeneity among the strains previously identified as C. gracilis. These organisms differed in their bile resistance and their ability to reduce triphenyltetrazolium chloride (TTC). Isolates that were bile resistant and unable to reduce TTC aerobically were compared with other strains of C. gracilis (including the American Type Culture Collection type strain) and strains of five other Campylobacter species by using biochemical characteristics, cellular fatty acid profiles, levels of DNA homology, and levels of 16s rRNA sequence homology.
In this paper, we describe the results of these taxonomic and phylogenetic studies. We concluded that these organisms are members of a new genus and new species, for which we propose the name Sutterella wadsworthensis. The type strain of s.
wadsworthensis is strain WAL 9799 (= ATCC 51579).
MATERIALS AND METHODS
Bacterial strains. The strains used in this study included 37 human clinical isolates obtained from the Wadsworth Anaerobic Bacteriology Laboratory collection and one strain each of Cumpylobucter sp. and C. grucilis type 2 kindly provided by Anne Tanner (Forsyth Dental Center, Boston, Mass.) ( Table 1) . The American Type Culture Collection strains used as controls included B. grucilis ATCC 33236= (T = type strain), Cumpylobucter showue ATCC 51146T, Cumpylobucter concisus ATCC 33237=, Cumpylobucter rectus ATCC 3323gT, Cumpylobucter cuwus ATCC 35224T, and Cumpylobucter sputorum ATCC 35980T.
Oxygen tolerance. Strains were grown for 48 to 72 h in an anaerobic chamber on brucella agar supplemented with 0.3% formate and 0.3% fumarate with and without 5% laked sheep blood. Aerolerance was determined by transferring the strains to agar plates containing the medium described above and incubating the plates in an atmosphere containing either 2 or 6% 02. The oxygen concentration desired was obtained by using an automated evacuation-replacement technique (Anoxomat; Mart BV Laboratorium, Lichtenvoorde, Holland). staining, the gels were incubated anaerobically with and without substrate (to distinguish substrate-specific bands from nonspecific bands) and under ambient conditions. Cellular fatty acid analysis. Organisms were initially identified by using the Microbial Identification System, which analyzes cell wall fatty acids. The fatty acid methyl esters of whole-cell extracts were identified by the method of Moss and Nunez-Montiel (9) . Briefly, cells were grown for 48 to 72 h in peptone-yeast extract-glucose medium (Carr Scarborough, Stone Mountain, Ga.) supplemented with formate and fumarate. Growth was harvested by centrifugation at 5,000 X g for 20 min, and the resulting pellets were kept frozen at -20°C until they were processed. The cells were saponified in aqueous methanol, methylated in hydrochloric acid in aqueous methanol, extracted in hexane and methyl-tertbutyl ether, washed in dilute NaOH, and analyzed with a model 5890A gas-liquid chromatograph (Hewlett-Packard) equipped with a silicone-lined capillary column by using the Microbial ID software package (MIDI; Microbial ID, Inc., Newark, Del.).
16s rRNA sequencing. Nucleic acids were purified as described previously. RNA was purified, and the sequence of the 16s rRNA fragment was determined by using reverse transcriptase as described previously (18) . DNA was amplified by using primers directed at sequences specific for eubacterial 16s ribosomal DNA (4). The PCR product was reamplified by using the method of Zintz and Beebe (19) . The resulting amplicons were sequenced by using a DyeDeoxy terminator sequencing kit (Applied Biosystems, Foster City, Calif.) in conjunction with a model 373A automated sequencer (Applied Biosystems). A phylogenetic analysis was performed by using the maximum-likelihood method (3) and the entire 16s rRNA sequence. The GenBank and Ribosomal Database Project databases were searched for similar sequences in PCGENE (Intelligenetics, Mountain View, Calif.) by using the program FSTNSCAN (a subroutine of PCGENE), and the 20 most similar sequences were identified. The phylogenetic tree available from the Ribosomal Database Project indicated that these sequences could be located in two (separate) clusters, and representative sequences from these two regions of the tree were included in our tree.
DNA extraction and purification. Strains were grown as described above. The growth from three or four plates was scraped into tubes containing 0.5 ml of Tris-EDTA (10 mM Tris [pH 7.61, 1 mM EDTA), centrifuged for 15 to 20 min at 8,000 rpm (8,000 X g), and resuspended in Tris-EDTA. The suspensions were treated with lysozyme (1 mg/ml) for 30 rnin at 37°C. Sodium dodecyl sulfate (final concentration, 0.5%) and proteinase K (final concentration, 0.1 mg/ml) were then added, and the suspensions were incubated for 60 rnin at 37°C. Hexadecyltrimethylammonium bromide (final concentration, 1%) was added (to solubilize the lipopolysaccharide), and the suspensions were incubated at 65°C for 20 min. Then the DNA was extracted by using an equal volume of chloroform-isoamyl alcohol (24:l). The aqueous phase was removed and extracted by using an equal volume of phenol-chloroform-isoamyl alcohol (25:24:1). The DNA was then precipitated from the aqueous supernatant with NaCl (final concentration, 1 M) and 0.6 volume of isopropanol. The DNA pellets were then redissolved in 300 PI of Tris-EDTA and treated with 4 p1 of RNase (10 mg/ml) for 60 min at 50°C. The final extraction was performed by using an equal volume of chloroform-isoamyl alcohol. The preparations were then precipitated with sodium acetate (final concentration, 0.3 M) and 2 volumes of 95% ethanol, washed twice with 70%
ethanol, and resuspended in 200 p1 of 0.42 M NaCI. DNA concentration and purity were determined spectrophotometrically. Preparation of labeled DNA. DNA was sheared by sonication with a Microson XL 2500 apparatus (Heat Systems, Farmington, N.Y.) for 4 min at a power setting of 4 by using a microcup horn to give a fragment size of approximately 500 bp. Each reference DNA was labeled with [ 1',2',5'-3H]dCTP by nick translation by using a commercial nick translation kit (Amersham Corp., Arlington Heights, Ill.) according to manufacturer's instructions. The labeled DNA was separated from unincorporated nucleotides by gel exclusion chromatography by using Sephadex G-50.
DNA-DNA hybridization. Unlabeled DNA preparations were sheared as described above. DNA-DNA reassociation experiments and S1 nuclease treatments were performed as described previously (12) . Briefly, 0.02 pg of labeled reference DNA and 20 pg of unlabeled DNA in 200 p1 of 0.42 M NaCl were denatured at 100°C and hybridized at 65 or 70°C (as indicated in Table 2 ) for 90 h in screw-cap microcentrifuge tubes. Fifty-four microliters of S1 nuclease (Sigma Chemical Co., St. Louis, Mo.) was added to a final concentration of 95 U/ml, and the tubes were then incubated for 20 rnin at 50°C. Precipitates were collected on nitrocellulose filters (pore size, 0.45 pm; type HAWP; Millipore Corp., Bedford, Mass.), dried, and counted with a model LS 6000 TA liquid scintillation counter (Beckman Instruments, Fullerton, Calif.). All hybridization experiments were performed in triplicate. Levels of hybridization were corrected for selfreassociation by using calf thymus DNA as a control. Levels of homology were determined by comparison with the corrected absolute value obtained for hybridized homologous DNA.
Antimicrobial agent susceptibility tests. The MICs of antimicrobial agents for selected strains were determined as described previously (14) with formate and fumarate added to the media.
Nucleotide sequence accession numbers. The 16s rRNA sequences of S. wadsworthensis WAL 7877 and WAL 9054 and B. gracilis (C. gracilis) WAL 6989= (= ATCC 33236') have been deposited in the GenBank database under accession numbers L37785, L37786, and L37787, respectively. '' Levels of hybridization at 65°C.
' C. gracilis type 2 strain obtained from Anne Tanner.
" Campylobacier sp. strain most closely related to C. showue and obtained from Anne Tanner.
RESULTS
Resistance to bile. Strains belonging to the typical C. grucilis group were sensitive to bile, while the Sutterella strains were bile resistant. The strains that grouped with Cumpylobucter species were variable in their resistance to bile.
Reduction of TTC. TTC reduction by C. gracilis was affected by the basal growth medium and atmosphere used. Both the typical C. grucilis strains and Sutterella strains reduced TTC in an anaerobic atmosphere on blood agar plates when no formate and fumarate were added, but did not reduce TTC aer- obically. However, if formate and fumarate were added to the medium, the typical C. grucilis strains reduced TTC in an aerobic atmosphere (as did Cumpylobucter and B. ureolyticus strains), while Sutterellu strains did not.
Dehydrogenase profiles. Three general patterns of dehydrogenase activity were observed with the typical C. grucilis, S. wudsworthensis, and Cumpylobucter strains which we studied (Fig. 1) . The members of the group that included the type strain of C. grucilis (as well as C. grucilis type 2 strain WAL 10733 [FDC 20All) produced no bands or very faintly reactive malate-specific bands (which appeared only when the gels were very heavily loaded), whereas the members of the Sutterellu group produced strongly reactive single or multiple nonspecific dehydrogenase bands (but only when they were incubated anaerobically). The Cumpylobucter strains (including strain WAL 10732 [FDC 2861) produced different malate dehydrogenase-specific bands that migrated various distances under both aerobic and anaerobic incubation conditions. As the different Cumpylobucter species cannot be differentiated by using routine biochemical tests, malate dehydrogenase profiles may provide a useful tool for identifying species belonging to this genus.
Cellular fatty acid analysis. The fatty acid methyl esters found in the different groups of organisms are shown in Table   3 . A cluster analysis of the cellular fatty acid data revealed the following three major groups: (i) typical C. grucilis (including strain ATCC 33236T), (ii) the Sutterellu group, and (iii) Cumpylobucter species (Fig. 2) . Among other things, the absence of the 12:O fatty acid methyl ester distinguished Sutterellu strains from typical C. grucilis strains and strains of other Cumpylobucter species. The typical C. grucilis strains, Cumpylobucter strains, and B. ureolyticus strains also clustered quite independently of each other. S. wudsworthensis WAL 9799 was selected as the type strain because it occurred in the center of the Sutterellu cluster. C. gracilis ATCC 33236= occurred at the edge of the C. grucilis cellular fatty acid cluster.
Biochemical characteristics and oxygen tolerance. Like B. ureolyticus, C. grucilis, and other Cumpylobucter species, members of the genus Sutterellu were asaccharolytic and reduced nitrate to nitrite. Both Cumpylobucter and Siitterella strains grew on solid media in the presence of 2 and 6% oxygen. C. grucilis grew in the presence of 6% oxygen only on plates containing brucella agar supplemented with formate and fumarate with no blood added; if blood was added, C. gracilis did not grow.
16s rRNA sequencing. We determined the 16s rRNA sequences of C. grucilis ATCC 33236T, C. rectus WAL 7943, and two Sutterellu strains (WAL 9054 and WAL 7877). C, rectus WAL 7943 was most similar to C. rectus ATCC 3323gT; these two strains differed at only 2 of 1,420 base pairs (level of similarity, 99.9%). The type strain of C. gracilis was also very similar to C. rectus, but the level of sequence similarity was lower (96%) (1,432 base pairs were compared). A phylogenetic tree constructed by using the maximum-likelihood method is shown in Fig. 3 . C. gracilis ATCC 33236T branches at the same point as C. rectus and belongs to a cluster that contains other Campylobacter species. The 16s rRNA sequences of the two Sutterella strains (WAL 9054 and WAL 7877 [1,454 and 1,419 base pairs were sequenced, respectively]) were identical to each other but were not similar to the sequences of the C. gracilis and Campylobacter strains analyzed or the sequences obtained from the GenBank, Ribosomal Database Project, and PCgene databases. A total of 15 sequences (the sequences of 13 named and 2 unnamed Campylobacter species) were included in the comparison. The taxa that were most closely related to the two Sutterella strains as determined by 16s rRNA sequences were unrelated aerobes (members of the genera Bordetella, Alculigenes, Rhodocyclus, and Comamonas), as shown by the phylogenetic tree in Fig. 3 .
DNA hybridization. The levels of DNA-DNA homology between members of the groups examined are shown in Table 2 . 'H-labeled DNA from C. gracilis ATCC 33236T hybridized moderately with the DNAs of other typical C. gracilis strains (the levels of homology were 70 to 80% for two of nine strains, 40 to 50% for three of nine strains, 30 to 50% for three of nine strains, and 22% for one of nine strains). The DNAs of 10 Sutterella strains did not hybridize at all with the DNA of the C. gracilis type strain, and the DNAs of three Sutterella strains hybridized very slightly (levels of homology, 3.5 and 12%). The DNAs of seven Campylobacter strains did not hybridize at all with C. gracilis ATCC 33236T DNA, and the DNAs of two strains of C. rectus hybridized slightly (level of homology, 15%). 'H-labeled DNA from another C. gracilis strain (WAL 8030) hybridized more strongly with the DNAs of other C. gracilis strains, did not hybridize at all with the DNAs of Sutterella strains, and hybridized slightly with the DNA of the single C. rectus strain tested (level of homology, 23%).
3H-labeled DNA from strain WAL 9799 (the S. wadsworthensis type strain) did not hybridize with the DNAs of 10 C. gracilis strains or the DNAs of nine strains belonging to other Campylobacter species, but hybridized strongly (levels of homology, 296%) with the DNAs of 68% of the Sutterella strains (19 strains) and exhibited levels of homology of 267% with all of the Sutterella strains tested, indicating that these strains belong to the same species (1).
Clinical sources. The strains belonging to the Sutterella group were isolated mainly from infections of gastrointestinal tracts (Table 1) . C. gracilis strains were found virtually only in infections that occurred above the diaphragm (brain, pleural fluid, etc.); only one strain of C. gracilis was isolated from an appendiceal specimen. The resistance of the Sutterella strains to both human bile (unpublished data) and oxgall is notable; this may account for the ability of these organisms to survive in biliary tracts and bowels.
Metronidazole resistance of C. gradis. The typically poor growth of C. gracilis strains (even on control plates) makes endpoint determinations particularly difficult. We found that adding the growth supplements formate and fumarate made determining MICs easier and minimized the "haze" observed even at high antimicrobial agent concentrations. The MICs for C. gracilis were considerably lower when formate and fumarate were added to the medium. We used TTC to facilitate endpoint determinations and established a new antibiogram for this organism (8). We subsequently reanalyzed the susceptibility profiles of these organisms in light of our revised classification and found that the metronidazole-resistant strains all belonged to the oxygen-tolerant, bile-resistant Sutterella group. Antibiograms for the new taxa belonging to this group should be determined.
DISCUSSION
Strains of C. gracilis (formerly B. gracilis) are associated with severe infections and high levels of resistance to several antimicrobial agents, although recently we have found that incorporating formate and fumarate into media (which results in better growth of these organisms) results in clearer and considerably lower MICs. Previous studies performed in our laboratory revealed that C. gracilis was more likely than B. ureolyticus to cause serious and deep-seated infections (6). In this study, we found that all of the C. gracilis strains except one were isolated from infections that occurred above the diaphragm, while most of the Sutterella strains were isolated from infections that occurred below the diaphragm, and that the metronidazole-resistant strains all belonged to the genus Sutterella. The relative importance of these two taxa in infections of various types and the differences in their antibiograms should be evaluated in light of the revised taxonomic status of these organisms. Workers in a clinical laboratory can easily distinguish Sutterella strains, C. gracilis strains, and strains of other Campylobacter species by using two criteria, resistance to 20% bile disks and cell wall fatty acid patterns. One of the differences is the absence of 12:O fatty acid methyl ester in Sutterella strains. The fatty acid patterns of C. gracilis strains and other Campylobacters include 12:O fatty acid methyl ester, as described previously (2).
The results of previous 16s rRNA sequence studies have suggested that C. gracilis belongs phylogenetically to the group that contains the true campylobacters (10). Our results for the 16s rRNA sequence of C. gracilis were virtually identical to the previously published sequence (the same strain was used) (2); these sequences differed at only 1 of 1,381 bases after resolution of some ambiguous positions. A phylogenetic analysis revealed that the strains of C. gracilis tested were very closely related to Campylobacter species. Vandamme et al. (16) found that C. gracilis differed from some campylobacters only in the " +, positive; -, negative; NT. not tested; V, variable within the same species; w, weakly positive; S, sensitive; R, resistant; +(-), occasional strains negative.
The strains tested included two C. ci(nw.s strains (which were resistant), four C. recrus strains (which were sensitive), one C. concisus strain (which was sensitive),
'' In the presence of 65% O2 C. gracilis grew only on plates containing brucella agar supplemented with formate and fumarate but no blood: if blood was added, C. The type strain of C. gracilis, strain ATCC 33236T, was at the edge of the C. gracilis cluster defined by the cell wall fatty acid analysis and hybridized less strongly than WAL 8030 to the other C. gracilis strains. C. gracilis WAL 8030 (a strain that occurred at the center of the cellular fatty acid cluster) exhibited high levels of DNA homology with other C. gracilis strains and a level of DNA homology with C. rectus of 23%. These data suggest that strain ATCC 33236 may not be a good type strain for C. gracilis. However, the C. grucilis strains that we used were not specifically oral isolates but were (with one exception) obtained from infections that occurred above the diaphragm (in contrast to the Sutterella strains, which were obtained for the most part from gastrointestinally related infections); thus, these strains may represent a different subgroup of C. grucilis than the subgroup used when strain ATCC 33236 was chosen as the type strain. Two of the isolates, strains WAL 10160 and WAL 10204 (a periodontal isolate and a pleural fluid isolate, respectively), exhibited higher levels of homology with the type strain (-75%) than the other isolates did (-30 to 40%). Our data (particularly our DNA homology data) indicated that the heterogeneity of C. gracilis strains merits further study.
The strains that originally were identified as C. graczlis but differed in genetic and biochemical characteristics belong to a new genus and a new species, for which we propose the name Sutterella wadsworthensis. The Sutterella strains differed from the C. gracilis type strain and other typical C. gracilis strains and from other Campylobacter strains in a number of characteristics (Table 4) .
Description of Sutterella gen. nov. Sutterella (Sut.ter.el'la. M.L. dim. fem. n. Sutterella, named in memory of Vera Sutter, respected colleague and director of the Wadsworth Anaerobe Laboratory for 20 years). Gram-negative straight rods. Grows in a microaerophilic atmosphere (an atmosphere containing 2 or 6% oxygen) or under anaerobic conditions. Resistant to 20% bile disks. Asaccharolytic. Cannot reduce tetrazolium tetrachloride under aerobic conditions if formate and fumarate are added to the medium. Can be differentiated from C. gracilis and Campylobacter species by the characteristics shown in Table 4. 16s rRNA sequence and DNA hybridization data indicate that the genus Sutterella is not related to C. gracilis or other Campy10 bucter species.
The genus Sutterella contains one species, Sutterella wadsworthensis, which is the type species.
Description of Sutterella wadsworthensis sp. nov. Sutterella wadsworthensis (wads.worth'en.sis. M.L. adj. wadsworthensis, from Wadsworth, referring to the Wadsworth Anaerobe Laboratories, VAMC West Los Angeles, where the strains were identified). Gram-negative straight rods that are 0.5 to 1 pm wide and 1 to 3 pm long. Urease negative. Oxidase negative. Indoxyl acetate negative. Reduces nitrate. Isolated mainly from infections of gastrointestinal tracts. May be resistant to metronidazole. The type strain is strain WAL 9799 (= ATCC 51579).
